A computational method for multiphase fields, MICS 1), was applied to estimate the shielding effects on the fluid forces acting on a complicated-shaped object surrounded by other objects. In the MICS, arbitrarily-shaped objects are treated with tetrahedron elements, through which the momentum interactions between objects and fluids are accurately taken into account with a tetrahedron sub-cell method. The applicability of the MICS was discussed with the experimental results obtained in some arrangements of the objects which surround a target object in a flume equipped with a wave generator. As a result, it was shown that the MICS enables us to predict reasonably the shielding effects on the fluid forces in all cases of the present experiments.
Introduction
It is important to estimate accurately the fluid forces caused by free surface flows against a complicated shaped object like a wave breaking block. In such evaluations, it is necessary to take account of the shielding effect, which means the variation of fluid forces due to the deformation of the free-surface flows caused by the surrounding objects, since it is rare that such an object exists alone in the actual conditions.
Although in many cases some empirical coefficients, such as the drag and lift coefficients Cd and CL, have been utilized in the evaluation of fluid forces, it is obvious that such evaluations are inaccurate since the empirical coefficients are usually derived in a uniform flow with a single object and the shielding effects are not taken into account.
In the present paper, a computational method for multiphase fields, MICS 1), is applied to estimate the shielding effects on the fluid forces acting on a complicated-shaped object, which is surrounded by other objects. In contrast to the usual numerical methods, the MICS enables us to deal with the freesurface flows around arbitrarily-shaped objects. Since the fluid-solid interactions are taken into account in this method, it is possible to estimate the fluid forces acting on the complicated-shaped objects as well as the shielding effects on it.
The predicted free-surface profiles and fluid forces with the MICS are compared with the experimental results, which were obtained in a flume equipped with a wave generator. Some arrangements of the objects surrounding the target object are examined and it is shown that the MICS allows us to estimate reasonably the fluid forces and shielding effects on them in all cases of the present experiments. 
Similarly, with the relationship uk ,i = ui+uk,i, Eq. (2) is represented as
Assuming that the third term on the left-hand side of the above equation is negligible, the following incompressible condition is derived from Eqs. (7) and (9) 
Finally, assuming that the non-linear term of in Eq.(11) and surface tension are negligible, the conservative form of the momentum equation is derived as
The governing equations of the MICS consist of Eqs.
(7), (10) and (15).
Computational Method
The discretized governing equations of the fluidmixture are solved after determining the volumeaverage physical properties with the sub-cell method, which will be described later. The three-dimensional velocity components ui and the pressure variable p of the discretized equations are defined on the collocated grid points in the computational fluid cell.
The numerical procedures of the incompressible fluid-mixture consist of three stages; prediction, pressure-computation and correction stages. At the prediction stage, the tentative -velocity components ui* are calculated at the center of the cells with a finite-volume method. In this procedure, Eq. (15) is discretized with the C-ISMAC method 3) , which is based on the implicit SMAC method 4) that allows us to decrease computational time without decreasing numerical accuracy. The equation discretized with respect to time by the C-ISMAC method is given by higher-order scheme to the right-hand side. The convection terms are evaluated with a fifth-order conservation FVM-QSI scheme 5) and numerical oscillations are removed by a flux-control method 5) . The C-ISMAC method enables us to derive the simultaneous equation system easily from the implicit form of the left-hand side of Eq.(18) as well as to preserve numerical accuracy by applying a higher-order scheme to the explicit form on the right-hand side Eq.(18). After solving the equation system of ui, which is derived from the discretized equation of Eq.(18), we obtain u*i with Eq.(17). The u*i derived at the center of the computational cell is then spatially interpolated on the cell boundary. Before this interpolation, pressure-gradient term evaluated at the cell center is removed from u*i in order to prevent pressure oscillation as (19) The cell-center velocity ui, which does not include the pressure-gradient term, is spatially interpolated on the cell boundaries by fb, which is a linear function in the present study. After this procedure, the pressuregradient terms that are estimated on the cell boundaries are added to the interpolated velocity, fb(ui) Thus, we obtain the cell-boundary velocity component ub,i as follows: represented by multiple tetrahedron elements. When the element is completely included in a single fluid cell as shown in Fig.2 (a) , ak is easily determined from the element volume. In contrast, when the element is included in multiple fluid cells as shown in Fig.2 (b) , a fluid cell is divided into multiple sub-cells and ak is determined from the number of sub-cells included in the element, which are shown as gray cells in Fig.2 (b) . The accuracy of the sub-cell method can be improved using the smaller sub-cells. 
T-Type Solid Model
A solid object in the flow is numerically represented using T-type solid model. The object surface model, created with a CAD software as shown in Fig.3 (a) , is divided into multiple tetrahedron elements shown in Fig.3 (b) . Compared with the "sphere-connected model" , which represents an object with multiple sphere elements, T-type model is advantageous in respect that its approximations of volume, mass and inertia tensors are more accurate. The contact spheres, shown in Fig.3 (c) , are used only in the collision detection between objects.
Movements of Solid Objects
The movements of the T-type solid model are cal- In case-F, as shown in Fig.12 , the wave flows are trapped by the three six-leg blocks in front of the target block. Thus the free surface level in front of the target block in Fig.12 (c) , which was taken at t = 1.1 sec., is smaller than that of the single target block shown in Fig.10 . It can be seen that the shielding effects of three six-leg blocks are so large that only the weakened wave flows that pass through them collide with the target block.
The time histories of the fluid forces against the target block in case-F are shown in Fig.15 . It is obvious that the peak value of the fluid forces is about 1/3 compared with the maximum value shown in Fig.10 . It is also seen that the experimental values and predictions shown in Fig.15 are in good agreement. Conclusively, the shielding effects in case-F are reproduced well in the present computational method.
On the other hand, in case-S shown in Fig.13 , since there are no obstacles in front of the target block, the wave flows acting on it are almost same as those in the case of the single block as shown in Fig.10 . However, the flows passing through the side of the target block are trapped by two six-leg blocks next to the target one. This fact makes the velocity and pressure distributions around the target block different from the single block as shown in Fig.10 . Thus, the maximum value of the fluid forces shown in Fig.16 is slightly smaller than that in Fig.11 . The shielding effect is certainly admitted in case-S, while the influence is smaller than case-F.
Similarly to case-S, there are no obstacles in front of the target block in case-B, as shown in Fig.14 . Nevertheless, it can be thought that the flow conditions are different from the single block in the following two points: 1) the gradient of water level and the fluid velocity become smaller due to the six-leg blocks behind the target one, and 2) the reflected waves occur due to the blocks behind. As shown in Fig.17 , the peak value of the fluid forces is smaller than that in Fig.11 due to the above effect 1). In addition, it is demonstrated that the negative fluid force occurs in the experimental results in Fig.17 following the positive one. The negative fluid force is caused by the reflected wave flows due to the effect 2). This negative fluid force is also predicted in Fig.17 , while it is underestimated compared with the experiments. 
Conclusion
The computational method MICS was applied to estimate the shielding effects on the fluid forces acting on a complicated-shaped object surrounded by other objects. The predicted free surface profiles and fluid forces for three arrangements of the surrounding objects, case-F, S and B, were discussed with the experimental results. It has been shown that the MICS enables us to predict reasonably the shielding effects on the fluid forces in all three cases, which seems to be difficult to predict with the usual computational methods.
